Cytoplasmic male sterility (CMS) has been extensively used for hybrid seed production in many major crops. Honglian CMS (HL-CMS) is one of the three major types of CMS in rice and has contributed greatly to food security worldwide. The HL-CMS trait is associated with an aberrant chimeric mitochondrial transcript, atp6-orfH79, which causes pollen sterility and can be rescued by two nonallelic restorer-offertility (Rf) genes, Rf5 or Rf6. Here, we report the identification of Rf6, which encodes a novel pentatricopeptide repeat (PPR) family protein with a characteristic duplication of PPR motifs 3-5. RF6 is targeted to mitochondria, where it physically associates with hexokinase 6 (OsHXK6) and promotes the processing of the aberrant CMSassociated transcript atp6-orfH79 at nucleotide 1238, which ensures normal pollen development and restores fertility. The duplicated motif 3 of RF6 is essential for RF6-OsHXK6 interactions, processing of the aberrant transcript, and restoration of fertility. Furthermore, reductions in the level of OsHXK6 result in atp6-orfH79 transcript accumulation and male sterility. Together these results reveal a novel mechanism for CMS restoration by which RF6 functions with OsHXK6 to restore HL-CMS fertility. The present study also provides insight into the function of hexokinase 6 in regulating mitochondrial RNA metabolism and may facilitate further exploitation of heterosis in rice.
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cytoplasmic male sterility | pentatricopeptide repeat | restorer-of-fertility | RF6 | hexokinase 6 P lant cytoplasmic male sterility (CMS) is a trait characterized by a lack of functional pollen grains in plants, although female gametes are still viable (1) . CMS has been widely used to produce hybrid seeds to improve plant yield, improve resistance to diseases or stresses, or enhance taste (2) . Plant CMS results from genomic incompatibility between mitochondria and nuclei and is typically associated with an aberrant chimeric gene in the mitochondria (3) (4) (5) (6) . A specific set of nuclear genes called restorer-of-fertility (Rf) genes, which primarily belong to the pentatricopeptide repeat (PPR) family, repress CMS through the promotion of the cleavage, degradation, or editing of CMS-associated aberrant transcripts or the inhibition of the translation of these genes (7) (8) (9) . PPR proteins regulate RNA metabolism at multiple levels, from RNA editing, stability, processing, and splicing to translation (10, 11) . PPR proteins can be classified into PLS and P families based on the structure of PPR motifs (11) . PLS family members generally exhibit direct RNA binding (12) (13) (14) or editing activity (15-17), whereas P-family proteins often lack sites for binding to RNA, particularly mitochondrial CMS-related RNA (18, 19) . Most of the known PPR proteins implicated in restoration of fertility (RF) are P-family members. Thus, RF-related PPR proteins may require additional partners, such as RNA-binding or splicing factors to process CMSrelated transcripts.
Rice CMS is categorized into three major types: Wild Abortive (WA), originating from a wild abortive rice line; Honglian (HL), originating from red-awned wild rice; and BT, originating from ChinsurahBoro II rice (20). These three types of CMS contribute to ∼60% of the global hybrid rice production (21, 22). HL-CMS/Rf rice has been planted on over 6 million hectares in China and Southeast Asia in the past 2 decades, significantly contributing to food security worldwide (23). At the molecular level, WA-CMS is associated with the mitochondrial gene WA352. Pollen abortion in these rice plants occurs at the uninucleate stage and is suppressed by the nuclear genes Rf3 and Rf4 (24). BT-CMS involves the mitochondrial chimeric gene atp6-orf79 (25, 26). The pollen of these plants aborts at the trinucleate stage and can be suppressed by Rf1A and Rf1B (26). For HL-CMS, pollen aborts at the dinucleate stage and exhibits a spherical shape and negative staining with iodine-potassium iodide (I 2 -KI) solution (20). The HL-CMS trait is associated with orfH79, a chimeric mitochondrial gene located downstream of atp6. The ORFH79 protein interacts with P61, a subunit of mitochondrial complex III, and impairs the activity of this complex. This inhibition leads to dysfunctional energy metabolism and elevated oxidative stresses in mitochondria, eventually causing pollen sterility (27-30). The HL-CMS phenotype can be rescued by two nonallelic Rf genes, Rf5 or Rf6 (31). F 1 hybrids carrying a single restorer gene display ∼50% normal pollen grains, whereas those harboring both Rf genes generate 75% fertile pollen and a higher seed set rate under environmental stress conditions (31), thus indicating that both Rf genes are equally important for Significance Plant cytoplasmic male sterility (CMS) and sterility restoration by nuclear restorer-of-fertility (Rf) genes provide a crucial breeding tool to harness hybrid vigor in many crops. Here, we identify RF6 as a novel pentatricopeptide repeat family protein that restores the fertility of Honglian CMS (HL-CMS), a major type of rice CMS used in breeding. We demonstrated that RF6 and hexokinase 6 function together in mitochondria to promote the processing of the aberrant CMS-associated transcript atp6-orfH79, thereby restoring the fertility of HL-CMS rice. This study links CMS restoration to hexokinase, providing novel insights into the mechanisms of CMS restoration, pollen development, mitochondria metabolism, and nuclear-cytoplasmic communication. In addition, the present study offers opportunities to further exploit rice heterosis in hybrid rice production.
maintaining fertility and the seed set rate. Recently, we have reported that Rf5 encodes a protein with 16 putative PPR motifs and that RF5 functions with GRP162, an RNA-binding protein, to promote the cleavage of the CMS-associated transcript orfH79 (18, 32). In the present study, we identified Rf6 as a restorer gene for HL-CMS rice using a map-based cloning strategy. Mechanistically, we revealed that RF6 acts with hexokinase 6 (OsHXK6) in mitochondria to reduce the accumulation of the CMS-associated transcript atp6-orfH79 through a mechanism distinct from that of RF5.
Results
Identification of Rf6 as a Restorer Gene for HL-CMS Rice. We aimed to identify the other HL-CMS restorer gene, Rf6, using a mapbased cloning strategy. In a previous study, we showed that Rf6 cosegregates with the marker RM407 and associates with a region of ∼200 kb flanked by the markers RM3710 and RM22242 on chromosome 8 (31) (Fig. 1A) . To narrow down the location of Rf6, we selected an individual plant, (R-2), from the F 2 population obtained by crossing the restorer line (9311) with the HL-CMS abortive line (Yuetai A, or YTA) (31). R-2 contains YTA cytoplasm and is homozygous at the Rf6 locus (Rf6Rf6), and 100% of the pollen grains generated from this plant exhibited black staining with 1% I 2 -KI solution. R-2 was subsequently backcrossed to YTA, generating a BC 1 F 2 population containing 4,312 plants. Genetic linkage analysis identified two recombinant plants with the RM3710 marker and three recombinant plants carrying the RM22242 marker from this population (Fig. 1A) . To obtain a high-resolution map, we selected three polymorphic markers, RM407, ID200-1, and SNP32 (SI Appendix, Table S1 ), to screen for individual recombinants. The markers RM407 and SNP32 each identified a single recombinant plant, whereas the marker ID200-1 did not (Fig. 1A) . Thus, the Rf6 locus was delimited to a 16.8-kb region between RM407 and SNP32 and cosegregated with the marker ID200-1. In this region, there are two putative genes, AK066315 and AK068841, in the P0007D08 Nipponbare PAC clone (Fig. 1A) . To obtain the corresponding genomic sequence for the restorer line, we constructed a 9311 BAC library (SI Appendix, Fig. S1 ) and screened this library with the markers RM407 and SNP32. A positive clone, 24C15, containing two putative ORFs, was identified (Fig. 1A) and subcloned for sequencing. Both ORFs (Orf1 and Orf2) were individually cloned into a vector under the control of the ubiquitin promoter of Zea mays and transformed into the YTA sterile line for complementation analyses. All 17 of the Orf1 transformants showed the same sterile phenotype as YTA. Conversely, all 19 of the transgenic T 0 plants containing Orf2 displayed a normal fertile phenotype (Fig. 1B) . Moreover, we observed that ∼50% of the pollen grains were fertile, as shown by I 2 -KI staining, and the seed-setting rate of these plants was 80.5% on average (Fig. 1B and SI Appendix, Fig. S2 ). To confirm these results, three Orf2 T 0 plants were self-crossed to produce T 1 -generation plants. We observed a 1:1 ratio for plants with 100% normal pollen compared with those with 50% abortive pollen in the T 1 population (SI Appendix, Table S2 ), which indicates that Orf2 restores the fertility of HL-CMS in a gametophytic manner. Thus, we demonstrated that Orf2 is the Rf6 gene responsible for restoring HL-CMS fertility. Fig. S3 ), implying that the expression of these genes is not tissue-specific. Rf6 contains a mitochondrial transit signal at the N terminus (https://urgi. versailles.inra.fr/predotar/predotar.html). Indeed, we observed that a GFP-fused RF6 protein expressed from a plasmid driven by the CaMV 35S promoter in rice protoplasts was localized to mitochondria ( Fig. 2A) . Sequence analysis revealed that Rf6 encodes a novel PPR protein of 894 amino acids with 20 PRR motifs (Fig.  2B) . Notably, the RF6 protein contained a duplication of motifs 3-5, which are absent in rf6 or other known RF proteins (18, 33-38) ( Fig. 2B and SI Appendix, Fig. S4 ). Outside this region, RF6 and rf6 are nearly identical in amino acid sequences (Fig. 2B) , suggesting that this region is associated with the restoration of fertility. To evaluate the importance of each of the three PPR motifs, we synthesized a series of truncated Rf6 genes lacking these PPR motifs (Fig. 2C , Rf6Ls and Rf6L-1 to Rf6L-9) and transformed these genes into the YTA sterile line to examine their effects on fertility restoration (SI Appendix, Fig. S5A ). We found that the deletion of motif 3 alone or the deletion of motifs 3 and 4 or 3 and 5 resulted in sterility in Rf6L-1, Rf6L-4, Rf6L-5, Rf6L-7, or Rf6L-8 transgenic plants. However, the simultaneous disruption of motifs 4 and 5 and retention of motif 3 (Rf6L-6 or Rf6L-9) did not impair fertility ( Fig. 2C and SI Appendix, Fig. S5B and Table S2 ). Thus, the duplication of motif 3, but not 4 or 5, is essential and sufficient for the function of Rf6 in fertility restoration. Furthermore, motif order plays an important role in this process because the direct fusion of motifs 5-3 (Rf6L-2, deletion of motif 4) resulted in sterility ( Fig. 2C and SI Appendix, Fig. S5B and Table S2 ), as motif 4 alone is not required for fertility restoration. These three motifs do not share a high degree of homology and are clearly classified into distinct phylogenetic branches (SI Appendix, Fig. S6 ).
Furthermore, to address whether this duplication could influence the structure of RF6, we used the crystal structure of maize chloroplast PPR10 (39) as a template to perform homology-based modeling of RF6, rf6, and RF6L-6 proteins. PPR10 belongs to the P-class of PPR family members and shares homology with RF6 in PPR motifs (SI Appendix, Fig. S7A ). The duplicated motifs form a loosely extended structure connecting both N-and C-terminal domains of the RF6 protein and become shorter in the RF6L-6 and, particularly, the rf6 protein (SI Appendix, Fig. S7B ). We speculated that this region may aid in establishing an optimal RF6 conformation or serve as an interface for protein-protein interactions. To examine whether the duplicated region also appears in other rice species, we amplified and analyzed Rf6 homologs from a variety of cultivars and their ancestors, the wild rice species with AA genomes (SI Appendix, Table S3 ). We observed that the duplicated region also appeared in multiple indica cultivars and in several wild rice species (SI Appendix, Fig. S8 ). Thus, the duplicated region in RF6 likely originated from a duplication event that occurred in wild rice species.
RF6 Promotes Processing of the Chimeric Transcript atp6-orfH79 at
Nucleotide 1238. Based on previous studies, the sterility of HL-CMS rice is caused by the presence of the ORFH79 protein product from the chimeric transcript atp6-orfH79 in mitochondria. ORFH79 impairs the function of the mitochondrial electron transport chain complex III through an association with P61 (27-30). The restorer protein RF5 and its cofactor, GRP162, promote the cleavage of this aberrant transcript into two fragments, atp6 and orfH79, leading to the disruption of the ORFH79 protein and fertility restoration (18). Thus, we examined whether Rf6 restores the fertility of abortive lines through the same mechanism. The atp6-orfH79 transcript was largely replaced by two separate fragments, atp6 and orfH79, in transgenic plants carrying Rf6, whereas this transcript remained intact in YTA, which carries rf6 (Fig. 3 A and B and SI Appendix, Fig.  S9A ). Consequently, the ORFH79 protein was not detected in the presence of Rf6 (Fig. 3C) . Furthermore, we observed the accumulation of the atp6-orfH79 transcript and OFRH79 protein in transgenic plants without motif 3 duplications (SI Appendix, Table S2 and Fig. S9B ). These observations demonstrated that Rf6 and motif 3 are crucial for preventing the accumulation of the abnormal transcript. Next, we further defined the transcript changes associated with fertility restoration. We performed a primer extension assay using Rf6 T 0 transgenic plants and observed that a specific band appeared 12 nucleotides (at the G residue) downstream from the start codon of orfH79 but was not detected in YTA (Fig. 3D ). This observation likely reflects the cleavage of the chimeric transcript by RNA-processing factors. However, we cannot fully exclude the possibility that the restorer complex may protect the transcript against exonuclease processing or block the translation of the transcript. This processing site is located at nucleotide 1238 on a single-stranded loop in the atp6-orfH79 transcript ( Fig. 3E ) and obviously differs from the one generated by RF5, which lies in the junction region between (E) The secondary structure of the atp6-orfH79 transcript was predicted by the Mfold Web Server (unafold.rna.albany.edu). The processing site at nucleotide 1238 of the atp6-orfH79 transcript is indicated with an arrow. The RNA and protein for these experiments were prepared from plant leaves.
atp6 and orfH79 at nucleotide 1169 of the same transcript (18). Thus, RF6 likely differs from RF5 mechanistically in processing the atp6-orfH79 transcript.
RF6 Does Not Bind the atp6-orfH79 Transcript or GRP162 Protein. To understand how Rf6 may process the aberrant atp6-orfH79 transcript, we examined whether Rf6 can directly bind to the transcript. We purified the RF6 protein using an maltose-binding protein tag (SI Appendix, Fig. S10A ) and incubated this fusion protein with a biotin-labeled RNA probe containing the linker region between the atp6-and orfH79-coding sequences (Fig. 3A) . We did not observe any shift in electrophoretic mobility shift assays (EMSAs), even when RF6 was added at a concentration of 10 nM (SI Appendix, Fig. S10B ), which suggests that RF6 does not directly bind to the atp6-orfH79 transcript. RF5 functions through an association with GRP162, a glycine-rich protein that binds to atp6-orfH79 mRNA, to promote the processing of the aberrant transcript (18). Therefore, we examined whether RF6 interacts with GRP162 by a yeast two-hybrid assay. However, we did not observe any signs of interaction between these proteins (SI Appendix, Fig. S11 ), suggesting that RF6 does not bind to this RNA-processing factor. Thus, RF6 likely requires other types of cofactors for binding and processing the atp6-orfH79 transcript.
RF6 Physically Interacts with OsHXK6
Both in Vitro and in Vivo. To identify potential targets that interact with RF6, we generated a yeast two-hybrid library for F 1 hybrids and screened this library using RF6 protein as bait. Among the proteins identified (SI Appendix, Table S4 ), OsHXK6, a putative rice hexokinase localized to the mitochondria and nucleus (40), was detected. We observed that OsHXK6 displayed an expression pattern similar to that of RF6 and was primarily distributed within the insoluble fraction of mitochondria ( Fig. 4A and SI Appendix, Fig. S13A ) . Importantly, OsHXK6 exhibited a strong specific interaction with RF6 but not rf6 in the yeast two-hybrid assay (Fig. 4B ). This result was confirmed by a pull-down assay with purified GST-OsHXK6 and MBP-RF6 or MBP-rf6 proteins (Fig. 4C and SI Appendix, Fig.  S10A ). Furthermore, we performed a coimmunoprecipitation assay using purified mitochondria from plants with Myc-tagged RF6 and observed a strong interaction between OsHXK6 and RF6 in mitochondria (Fig. 4D) . Thus, we demonstrated that RF6 directly interacts with OsHXK6 both in vitro and in vivo and that the duplicated motifs are essential for this interaction.
C terminus of RF6 Mediates the RF6-OsHXK6 Interaction. Next, we sought to identify the RF6 domains that directly mediate the association with OsHXK6. We examined the association of OsHXK6 with truncated RF6 proteins by a yeast two-hybrid assay. Surprisingly, the region that directly interacted with OsHXK6 was located at the C terminus of RF6, from residue 386 to 894, whereas the duplicated motifs at the N terminus did not interact with OsHXK6 (SI Appendix, Fig. S12A ). Thus, these results suggest that duplicated motifs are needed to establish an optimal conformation appropriate for OsHXK6 association rather than serving as a direct docking site. ) residue to Ala (A) at the N terminus of OsHXK6 result in the loss of sugar-kinase catalytic activity in rice (40). Thus, we examined whether the catalytic domain of OsHXK6 is required for association with RF6. To this end, we performed a yeast twohybrid assay using full-length RF6 as bait and truncated OsHXK6 as prey. We observed strong interactions between RF6 and truncated OsHXK6, encompassing residues 386-506. However, we did not observe a direct association between RF6 and the OsHXK6 N-terminal domain, which included the sugar-kinase catalytic motif (SI Appendix, Fig. S12B ). This result suggests that the association with RF6 does not involve the catalytic domain of OsHXK6.
OsHXK6 Promotes the Processing of the atp6-orfH79 Transcript and Restoration of Fertility. The above results suggest that RF6 and OsHXK6 may function together to process the atp6-orfH79 transcript and restore fertility. To examine the role of OsHXK6 in this process, we used RNA interference to down-regulate the expression of the OsHXK6 gene in R-7 F 3 plants, which are homozygous at the Rf6 locus and exhibit 100% normal pollen grains. We obtained three transgenic lines with reduced levels of OsHXK6 (SI Appendix, Fig. S13B ). As expected, the atp6-orfH79 transcript accumulated in OsHXK6i plants (SI Appendix, Table S2 ), and ORFH79 protein also accumulated (Fig. 4E) . As a result, we observed that ∼50% of pollen grains were abortive in these plants ( Fig. 4F and SI Appendix, Fig. S13 C and D) , a proportion equivalent to that in the F 1 hybrids. Therefore, we concluded that RF6 functions with OsHXK6 in mitochondria to reduce the accumulation of the atp6-orfH79 transcript, thus leading to the restoration of HL-CMS fertility. Furthermore, we observed that the expression of the Rf6 gene in OsHXK6i transgenic lines remains unaffected (SI Appendix, Fig. S14 ), suggesting that the roles of OsHXK6 in restoring fertility are not through impacting the expression of Rf6.
Discussion
In the present study, we report the identification and characterization of a novel PPR family restorer gene, Rf6, and demonstrate that RF6 protein works with OsHXK6 in mitochondria to stimulate the processing of the HL-CMS-associated transcript, atp6-orfH79, leading to normal pollen development and fertility restoration. The results suggest that RF6 and RF5 function through distinct mechanisms to rescue the sterility of HL-CMS. Unlike RF5, RF6 does not interact with the RNA-processing factor, GRP162 (SI Appendix, Fig. S11 ). Additionally, RF6 likely promotes the cleavage of the atp6-orfH79 transcript at a novel position, as shown in the model (Fig. 5) . To our knowledge, this study is the first to link restoration of CMS fertility to the hexokinase OsHXK6, providing novel insights into the mechanisms of CMS restoration, pollen development, and hexokinase 6 function in regulating mitochondrial RNA metabolism.
The PPR protein family is one of the most perplexing protein families in plants such as maize, rice, sorghum, rapeseed, petunia, radish, and sunflower (9) . PPR proteins are tandem arrays of 2-27 repeats of PPR motifs, and each motif contains 35 amino acids (7). Structurally, PPR motifs consist of two distinct antiparallel alpha helices, helices A and B, closely resembling the tetratricopeptide repeat motif, which is involved in mediating protein-protein interactions (7, 41) . We observed that RF6 contains a unique duplication of PPR motifs, which are not present in rf6 or other known RF proteins. This duplication does not interact with OsHXK6 but is essential for enabling RF6 to interact with OsHXK6 to process the atp6-orfH79 transcript. Thus, this duplication likely establishes an optimal conformation appropriate for OsHXK6 association or is associated with an unknown mediator protein in the restoration complex.
The HL-CMS restorer gene, Rf5, which encodes a P-family member of PPR family proteins, is identical to the BT-CMS restorer gene, Rf1A (18). However, Rf1A directly binds to and processes the CMS-associated transcript atp6-orf79 in the BT-CMS line (42), whereas Rf5 apparently requires additional factors, including GRP162, to process the aberrant transcript atp6-orfH79 in HL-CMS lines (18), suggesting that RF5 protein binds both protein and RNA molecules, depending on the specific situation in a given CMS system. Importantly, we observed that Rf6 also restored the fertility of BT-CMS rice. Therefore, it will be necessary to test whether Rf6 functions through the same mechanism in the two CMS systems and whether OsHXK6 is needed to rescue BT-CMS sterility. Regardless, a broad role for Rf6 in rescuing both HL-and BT-CMS sterility should greatly facilitate the further exploitation of heterosis in rice breeding.
In addition to functioning as glucose sensors, hexokinase proteins phosphorylate hexose to form hexose-6-P, thereby regulating many physiological processes, such as germination, flowering, senescence, and pathogen defense responses to biotic and abiotic stresses in plants (43-45). OsHXK6 belongs to a hexokinase family comprising 10 members in rice (46). Among these members, OsHXK6 was closely related to AtHXK1, which functions in a complex involved in regulating gene expression or RNA metabolism in the nucleus (47). OsHXK6 can be exported into the nucleus, and the nuclear localization of this protein may be critical for its sugar-mediated signaling functions in rice (40). In contrast, little is known regarding the function of OsHXK6 in mitochondria. Here, we identified OsHXK6 as a RF6 partner that participates in the processing of a mitochondrial RNA transcript. The sugar-kinase catalytic domain is not involved in interactions with RF6, suggesting that the function of OsHXK6 in fertility restoration is likely independent of its role in sugar sensing. However, the precise role of OsHXK6 in this process is unclear. Although both RF6 and OsHXK6 are essential for processing the chimeric transcript, neither protein can directly bind to RNA (SI Appendix, Figs. S10B and S15), implying that additional proteins capable of binding or splicing RNA should be involved (Fig. 5 ). Identifying and characterizing the functions of these factors will be an important task necessary for fully elucidating the mechanism of CMS and fertility restoration. In addition, this study provides information for further studies on the function of hexokinases in mitochondria metabolism and nuclear-cytoplasm communication.
Materials and Methods
Information on the plant materials used in this study is included in SI Appendix, Materials and Methods. Total RNA was extracted using TRIzol reagent (Invitrogen). The yeast two-hybrid (Clontech) and EMSA (Thermo Scientific) assays were performed according to the manufacturer's instructions. Detailed experimental procedures and reagents used in this study are described in SI Appendix, Materials and Methods. analysis of the sequencing data from the positive clones was performed using BLAST on the NCBI website. The truncated Rf6 fragments and rf6 were amplified for the Y2H assay and cloned into the bait vector pGBKT7 (Clontech). The OsHXK6 fragments and GRP162 were amplified and cloned into the prey vector pGADT7. The bait and prey constructs were co-transformed into yeast strain AH109, and the transformed cells were plated onto synthetic defined medium containing all the essential amino acids, except leucine and tryptophan (SD/-Leu/-Trp), and incubated at 30℃ for 3 days,; this was followed by dilution and plating onto SD/-Leu/-Trp/-His/-Ade medium and SD/-Leu/-Trp medium (as a loading control) and culture at 30℃ for 2-3 days.
Protein expression, purification, and pull-down assay. The Rf6 and rf6 coding sequences were amplified and cloned into the vector pMAL-c2x (NEB), and the recombinant constructs were transformed into the E. coli strain BL21. Protein expression was induced by the addition of IPTG. The fusion proteins MBP-RF6 and MBP-rf6 were extracted and purified using a maltose column according to the manufacturer's instructions. For OsHXK6, a full-length cDNA was fused to glutathione-S-transferase (GST) and expressed. All proteins were dialyzed after purification. For the pull-down assay, GST and GST-OsHXK6 were immobilized using glutathione Sepharose 4B (GE Healthcare). The beads were washed with phosphate-buffered saline (PBS) to remove unbound proteins. MBP, MBP-RF6, or MBP-rf6 was subsequently added to the beads. After incubation, the beads were washed with PBS, and the proteins were eluted using a buffer containing 10 mM glutathione. The eluted proteins were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and analyzed by Western blotting.
Co-Immunoprecipitation. Mitochondria were isolated from the one-week-old etiolated seedlings of transgenic plants carrying Myc-RF6 as previously described [2] .
One milligram of pure mitochondria was suspended in lysis buffer ( Primer extension assay. To determine the RNA processing site in atp6-orfH79, a primer extension assay was performed as previously described [3] . The secondary structure of the atp6-orfH79 transcript was predicted using the RNAfold web server (http://mfold.rna.albany.edu/?q=mfold). Homology modeling. Three-dimensional structures of RF6, rf6, and RF6L-6 proteins were deduced by homology modeling using SWISS-MODEL [5] [6] [7] . The amino acid sequences for these proteins were used to search for templates in the database. The templates were selected based on the GMQE (Global Model Quality Estimation)
Down-regulation of
values and the QMEAN4 scores. For RF6, rf6, and RF6L-6 proteins, the templates 4m57, 4m59, and 4m57 were selected, respectively, and the sequence identity between the three proteins and their corresponding templates was 28.78%, 22.30%, and 23.13%, respectively. The protein structures were analyzed with the Swiss PdbViewer [8] .
Microscopy visualization of mitochondrial protein.
Full-length Rf6 cDNA was amplified and inserted in front of a GFP-coding sequence on the P06 vector after
BamHI digestion. Protoplasts were prepared and transfected as previously described [9] . After transfection, the protoplasts were incubated overnight in the dark. The protoplasts were subsequently stained with MitoTrackerRed (Invitrogen) for 20 min, washed with W5 solution, and subsequently examined using bright-field and fluorescence microscopy with an FV1000 confocal system. transcript. GST-OsHXK6 did not shift the mobility of the atp6-orfH79 transcript at the indicated concentrations. The RNA probe is shown in Fig. 3A . GST was used as a control. "-" and "+"
indicate the absence and presence of corresponding components, respectively. Table S1 . Primers used in this study. 
